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Abstract 
An exploratory method based on gaseous oxidation was developed for asphalt binder to 
accelerate thermo-oxidative aging under conditions representative of the field 
environment. An oxygen-rich atmosphere containing OX and NOX (X=1–3) was 
generated using a self-developed gas aging vessel (GAV), while atmospheric pressure 
and realistic summer pavement temperatures were maintained. Rheological and 
chemical changes were characterized using dynamic shear rheometry and Fourier 
transform infrared spectroscopy, respectively. The rheological assessment included the 
G-R parameter, complex modulus, creep rate, and stiffness modulus. Additionally, and 
aging-related functional group indices were determined for asphalt binder. After GAV 
aging, an increase in complex modulus was accompanied by improved resistance to 
permanent deformation. In contrast, fatigue resistance decreased at intermediate-
temperatures, while susceptibility to cracking increased at low-temperatures. 
Compared with standard laboratory short-term aging, GAV aging produced substantially 
greater changes in both chemical and rheological properties. After 72 h of GAV aging, the 
sulfoxide index, aging index, stiffness modulus at -18 °C, and G-R parameter increased by 
70%, 49%, 36%, and 24%, respectively. The proposed GAV method can accelerate the 
thermo-oxidative aging of asphalt binder while maintaining temperature and pressure 
conditions close to those encountered in the field. 
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1. Introduction 

Asphalt binder is extensively employed in in pavement engineering because of its favorable 
engineering properties [1-3]. However, it is continuously exposed to heat, oxygen, ultraviolet (UV) 
radiation, and moisture during mixture production and pavement service. These environmental factors 
induce volatilization, oxidation, and polymerization, resulting in alterations to the binder’s chemical 
composition and molecular structure. Consequently, the binder’s physical characteristics and 
rheological properties deteriorate, potentially contributing to pavement distress [4-7]. Binder aging 
significantly influences pavement performance.  

Laboratory testing is routinely employed to evaluate the susceptibility of asphalt binders to aging. 
Compared with natural aging, accelerated laboratory aging can reproduce substantial property 
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changes within a much shorter period. Standard laboratory procedures employ the rolling thin-film 
oven test (RTFOT) for short-term aging and the pressure aging vessel (PAV) test for long-term aging 
[8,9]. Glover et al. [10] reported that aging thin binder films at 60 °C under atmospheric pressure for 
approximately 35 days produced rheological and carbonyl changes comparable to those obtained after 
20 h of PAV aging. Similar results were reported by Zelalem et al. [11] based on changes in the 
carbonyl area. Nevertheless, the high temperature and pressure applied during PAV aging may induce 
reactions that do not occur under actual pavement conditions. There has been debate about whether 
laboratory aging tests can accurately reproduce the oxidative aging of asphalt binder under field 
conditions [12,13]. As noted by Anderson, the PAV was developed primarily to produce substantial 
oxidation within a short period rather than to reproduce field aging conditions directly [14]. 

Field aging is dominated by relatively slow oxidation. In addition to molecular oxygen, highly 
reactive atmospheric species, including ozone and nitrogen oxides, may contribute to oxidation of the 
pavement surface [15]. As an organic material, asphalt binder is vulnerable to attack by reactive 
oxygen and nitrogen species such as OX and NOX (X=1-3) [16]. Nitrogen oxides emitted from vehicle 
exhaust can also participate in photochemical reactions that promote ozone formation [17]. In order 
to accelerate oxidation under field relevant temperature and pressure conditions, Steiner et al. [18] 
developed an accelerated aging device. Strongly oxidizing gases were used while maintaining 
realistic temperature and pressure conditions. Exposure of asphalt mixtures for 4 days at 60 °C 
produced effects comparable to those of combined RTFOT and PAV treatment, whereas 6 days of 
exposure resulted in substantially greater hardening. However, this procedure was designed to age 
asphalt mixtures rather than asphalt binders [19]. 

This study proposes an approach to accelerate asphalt binder aging while maintaining field-relevant 
temperature and pressure conditions. It focuses on accelerating the overall oxidation process by 
modifying the gaseous environment. A gas aging vessel (GAV) operating at atmospheric pressure 
was designed. Asphalt binder was aged for different durations under atmospheric pressure in an 
oxygen-rich environment. Its rheological and chemical changes were characterized using a dynamic 
shear rheometer (DSR). Chemical changes were examined by Fourier transform infrared (FTIR) 
spectroscopy. To reduce test duration, RTFOT was com-pared as the standard to show the aging 
degree of GAV. The proposed method is expected to provide a more realistic approach for simulating 
thermo-oxidative aging and to enhance assessments of long-term aging in asphalt binders. 

2. Materials and Methods 

2.1 Materials 

This study employed an unmodified asphalt binder. The properties of the used asphalt binder are 
shown in Table 1. Samples were subjected to RTFOT aging in accordance with ASTM D2872. As 
show in Fig. 1, the GAV aged samples were prepared. To reduce the duration of aging and obtain 
sufficient samples for testing, the film thickness of the samples was 0.8mm. 
 

Table 1. The properties of asphalt binder 

Properties Results Standards 

Penetration/0.1mm 69 ASTM D5 

Softening point/℃ 47.5 ASTM D36 

Ductility/cm 43 ASTM D113 

Dynamic viscosity/Pa∙s 203 ASTM D4402 

2.2 GAV Aging Method  

As shown in Fig. 1, compressed air was passed through an ozone generator to produce an oxygen-
rich atmosphere containing ozone and nitrogen oxides. The generated gas was then introduced into a 
vacuum drying oven for asphalt binder aging. The aging temperature was maintained at 60 °C under 



International Core Journal of Engineering Volume 12 Issue 9, 2026
ISSN: 2414-1895 DOI: 10.6919/ICJE.202609_12(9).0007

 

58 

atmospheric pressure. Asphalt binders were aged for 24 and 72 h, respectively. This oxygen-rich 
environment was employed to accelerate was employed to under field-relevant temperature and 
pressure conditions. 

 

 

Fig. 1 Gas aging vessel 

2.3 Dynamic Shear Rheological Test 

The DSR was used to assess binder rheology. For each test, two replicate specimens were prepared. 
Testing was repeated if the relative deviation between the results was greater than 10%. 

The frequency sweep test was conducted using parallel plates with a diameter of 25 mm and a plate 
separation of 1 mm. The angular frequency was varied between 0.1 and 100 rad/s. Tests were 
conducted under strain control at 35, 45, and 55 °C in strain-controlled mode with the strain amplitude 
fixed at 1%. The complex modulus curves for different test temperatures were horizontally shifted 
according to the time–temperature superposition principle. These curves were then combined to form 
a master curve at the reference temperature. The master curve was employed to describe binder 
rheology across a broad range of frequencies. The Williams-Landel-Ferry (WLF) nonlinear equation 
[20] was used to determine the temperature shift factors. 

The frequency sweep test was conducted using 8 mm parallel plates. Tests at 5, 15, and 25 °C were 
conducted with a strain amplitude of 1%. A master curve of complex modulus was constructed from 
the resulting data. The complex modulus and phase angle at 15 °C and 0.005 rad/s were obtained to 
calculate the G-R parameter [21]. 

The frequency sweep measurements were performed using a 4 mm aluminum parallel plate geometry 
with a plate separation of 2 mm. Tests were conducted at -6, -12, and -18 °C by sweeping the angular 
frequency from 0.2 to100 rad/s with a strain amplitude of 1%. Based on the method proposed by Sui 
et al. [22], the stiffness modulus (S) and creep rate (m) at the three test temperatures were calculated 
from the 4 mm DSR test results. These parameters were employed to assess the binder’s deformation 
response and stress relaxation behavior at low temperatures. 

2.4 Fourier Transform Infrared Spectroscopy Test 

FTIR analysis was conducted with a Spectrum II infrared spectrometer. A spectral resolution of 0.5 
cm-¹ was used, and 32 scans were acquired across a wavenumber interval of 4000-500 cm-¹. Binder 
spectra were collected using an attenuated total reflectance (ATR) accessory was used to obtain the 
spectra of the asphalt binders. The test procedure proposed by Mirwald et al. [23] was adopted. Each 
binder was tested five times for statistical analysis. A background scan was performed before each 
measurement. 

3. Results and Discussion 

3.1 Evaluation of Aging Effects based on Rheological Parameters 

Asphalt binder exhibits typical viscoelastic characteristics, and its complex modulus is particularly 
responsive to aging-induced alterations in rheological behavior. Through the frequency scanning test 
at 35℃, 45℃ and 55℃, the master curves of complex modulus of asphalt binder were shown in Fig. 
2. 
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Fig. 2 The complex modulus master curve of asphalt binder before and after aging 

 

As shown in Fig. 2, the complex modulus increased continuously with increasing frequency for all 
asphalt binders. Binder deformation was therefore restricted, resulting in a higher apparent stiffness. 
Accordingly, greater resistance to permanent deformation can be expected under high-frequency 
loading conditions. Aging caused an obvious upward shift in the master curves of complex modulus 
across the full frequency range. The lowest complex modulus was observed for the unaged binder, 
reflecting the highest deformability. After GAV aging, higher complex modulus values were 
observed with longer exposure durations. The modulus after 72 h of GAV aging was consistently 
higher than that after 24 h, confirming the progressive hardening of asphalt binder during prolonged 
aging. The 72 h GAV-aged asphalt binder also exhibited a slightly higher complex modulus than the 
RTFOT-aged asphalt binder over most of the frequency range. This suggests that 72 h of GAV aging 
produced a slightly stronger hardening effect than RTFOT aging. 

To verify the proposed aging method, the effects of oxidation and temperature were separated and 
evaluated. The same unaged asphalt binder was placed in the GAV device, and nitrogen was used to 
replace the oxidizing gas to prevent oxidation. The aging temperature and duration were kept identical 
to those used in the previous tests. Frequency sweep tests were performed prior to and following the 
aging treatment.  

 

 
Fig. 3 The complex modulus master curve of asphalt binder (nitrogen) 

The results are shown in Fig. 3. The complex modulus after 24 and 72 h of aging under a nitrogen 
atmosphere was very close to the value measured for the unaged binder. The observed differences 
remained small as the aging duration increased. These findings suggest thatthermal exposure alone 
had little influence on binder rheology under the selected conditions. Therefore, the marked rise in 
complex modulus observed in Fig. 2 was mainly attributed to oxidation induced by the mixed gas in 
the GAV system rather than to temperature alone. 
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To quantitatively assess the progression of binder aging, an aging index (Ia) was formulated using the 
complex modulus. The extent of binder aging at different exposure times was assessed using this 
index. The aging index was calculated using Eq. (1). 
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                                    (1) 

 
Where = the complex modulus of asphalt binder after aging; =the complex modulus of 
unaged asphalt binder. 
 

 
Fig. 4 Aging index based on complex modulus 

 

As shown in Fig. 4, the aging index after 72 h of GAV aging was 4.12 times that after 24 h. It was 
also 49% higher than that obtained after RTFOT aging. These findings show that the extent of binder 
aging increased markedly as GAV exposure was prolonged. 

The G-R parameter is widely employed to assess binder resistance to fatigue cracking. It is 
particularly responsive to aging-induced alterations in rheological behavior. Therefore, it can 
effectively reflect the deterioration of fatigue performance during aging. The G-R parameters of 
asphalt binder were shown in Fig. 5. 

 

 
Fig. 5 The G-R parameters of asphalt binder before and after aging 
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As shown in Fig. 5, the G-R parameter increased progressively with increasing GAV aging time. 
Higher G-R values are usually associated with increased binder brittleness and reduced resistance to 
fatigue cracking. The G-R parameter after 72 h of GAV aging exceeded the value obtained after 
RTFOT treatment by 24%. This finding suggests that prolonged exposure to the GAV environment 
caused more severe deterioration in fatigue-related rheological properties. With increasing aging time, 
the asphalt binder became stiffer and more brittle, and its capacity to dissipate stress during cyclic 
loading decreased. Consequently, the binder became more prone to fatigue cracking. These results 
further suggest that an oxygen-rich environment can accelerate oxidative aging and promote aging-
induced embrittlement. Therefore, prolonged exposure to such conditions may make asphalt 
pavements more susceptible to fatigue cracking. 

Binder resistance to cracking at low-temperatures is commonly assessed using stiffness modulus and 
creep rate. These parameters are highly sensitive to aging-induced changes in binder stiffness and 
stress relaxation behavior. The stiffness modulus and creep rate of the asphalt binder before and after 
aging at different temperatures are shown in Fig. 6. 

 

 
(a) stiffness modulus                    (b) creep rate 

Fig. 6 The stiffness modulus and creep rate of asphalt binder before and after aging 

 

As shown in Fig. 6, the S value increased, whereas the m-value decreased with increasing GAV aging 
time at all temperatures. These changes indicate that GAV aging increased binder stiffness while 
reducing the capacity for stress relaxation. Consequently, the asphalt binder became more brittle and 
its cracking resistance at low-temperatures gradually deteriorated. This effect became more 
pronounced after 72 h of GAV aging. 

A clear temperature dependence was also observed. The stiffness modulus increased markedly as 
temperatures fell from -6 to -18 °C, while creep rate showed a continuous decline. This behavior was 
ascribed to reduced mobility of binder molecules under colder conditions. The elastic response 
gradually became dominant, resulting in higher stiffness and poorer stress relaxation. Therefore, 
asphalt binder became more prone to low-temperature cracking as the temperature decreased. 

The values obtained after RTFOT aging were generally between those obtained after 24 and 72 h of 
GAV aging. At -6, -12, and -18 °C, the stiffness modulus after 72 h of GAV aging was 18%, 28%, 
and 36% higher than that after RTFOT aging, respectively. Meanwhile, the corresponding m-values 
after 72 h of GAV aging were lower than those after RTFOT aging. These results indicate that 72 h 
of GAV aging caused more severe deterioration in low-temperature rheological properties than 
RTFOT aging. The increasing difference at lower temperatures further suggests that GAV aging has 
a stronger effect on the binder’s susceptibility to cracking under colder conditions. 
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3.2 Evaluation of Aging Effects based on Chemical Properties 

Overall, aging led to binder stiffening and embrittlement, while its deformation capacity andstress 
relaxation ability were reduced. The binder also became more susceptible to fatigue cracking and 
low-temperature cracking. These rheological changes were mainly associated with oxidation-induced 
variations in binder chemistry. Oxidation represents one of the main reactions involved in this process 
and generates oxygen-containing functional groups. FTIR can effectively characterize these chemical 
changes and is therefore widely used to evaluate the extent of binder oxidation. In this study, FTIR 
analysis was employed to investigate the evolution of oxygen-containing functional groups during 
the aging process. The FTIR spectra of the asphalt binder before and after aging are shown in Fig. 7. 

 

 
Fig. 7 The FTIR spectra of asphalt binder before and after aging 

 

As shown in Fig. 7, the positions and shapes of the absorption peaks of the aged asphalt binder were 
similar to those of the unaged asphalt binder. This indicates that GAV aging did not produce any 
readily discernible new functional groups. Nevertheless, changes in the absorption intensity and peak 
area caused by aging could not be directly distinguished from the spectra. Therefore, quantitative 
analysis of characteristic oxygen-containing functional groups was required to further evaluate the 
chemical changes during aging. 

The main oxidation products formed during the aging of asphalt binders, whether virgin or modified, 
include carbonyl (C=O) and sulfoxide (S=O) groups, with characteristic absorption bands at 
approximately 1700 cm⁻¹ and 1030 cm⁻¹, respectively. The characteristic peaks of methyl and 
methylene groups, located between 1200 cm⁻¹and 1550 cm⁻¹, showed no significant changes during 
aging. Therefore, they are commonly used as reference peaks for quantifying aging-related functional 
groups. Variations in the content of these groups can be quantitatively evaluated using their 
characteristic peak areas. The carbonyl index (IC=O) and sulfoxide index (IS=O) were calculated using 
Eq. (2) and Eq. (3). 
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Where AC=O = the area of carbonyl characteristic peak; AS=O = the area of sulfoxide characteristic 
peak; Aref = the area of saturated C-H bond bending vibration absorption peak. 

The quantitative FTIR analysis of asphalt binder was based on the Beer-Lambert law. The baseline 
method and the analysis functions in OMNIC software were used to determine the characteristic peak 
areas. The carbonyl index and sulfoxide index of the asphalt binder before and after aging are 
presented in Table 2. 

 

Table 2. Carbonyl index and sulfoxide index of different aged asphalt binder 

 Unaged GAV 24h GAV 72h RTFOT 

IC=O 0.0032 0.0041 0.0060 0.0057 

IS=O 0.0119 0.0197 0.0416 0.0244 

 

As shown in Table 2, the indices for carbonyl and sulfoxide groups rose as GAV aging was prolonged, 
indicating progressive binder oxidation. Compared with the unaged asphalt binder, IC=O increased by 
approximately 28% after 24 h of GAV aging and by 88% after 72 h. The IC=O value after 72 h of GAV 
aging also exceeded that obtained after RTFOT treatment by about 5%. This finding suggests that 
carbon-containing components were gradually oxidized and converted into carbonyl-containing 
compounds during GAV aging. The relatively small increase after 24 h suggests that carbonyl 
formation was limited at the early stage of aging. 

A more pronounced variation was observed for the sulfoxide index. Compared with the unaged 
asphalt binder, IS=O increased by approximately 66% after 24 h and 250% after 72 h of GAV aging. 
Moreover, the IS=O value after 72 h of GAV aging was approximately 70% higher than that after 
RTFOT aging. These results indicate that sulfur-containing components actively participated in the 
oxidation process and were progressively converted into sulfoxide-containing compounds. The much 
larger increase in IS=O than in IC=O also suggests that the sulfoxide group was more sensitive to the 
GAV aging process under the investigated conditions. 

In summary, the formation and accumulation of oxygen-containing polar groups increased the 
polarity of asphalt binder and strengthened intermolecular interactions, thereby restricting molecular 
mobility and increasing binder stiffness and brittleness. This chemical evolution was consistent with 
the rheological results. With increasing GAV aging time, higher values were observed for the 
complex modulus, stiffness modulus, and G-R parameter, whereas creep rate declined. These changes 
indicated progressive deterioration in deformation capacity and stress relaxation ability, together with 
poorer fatigue resistance and greater susceptibility to low-temperature cracking. Meanwhile, 
consistent aging trends were observed in the indices describing binder chemistry and rheology, 
confirming a close association between chemical composition and rheological response. This 
agreement across the two sets of indicators demonstrates that the proposed oxygen-rich GAV method 
can effectively reproduce the progressive oxidative aging of asphalt binder. It provides a feasible 
approach for evaluating aging-induced changes in binder properties. 

4. Summary 

The objective of this study was to develop an accelerated thermo-oxidative aging method using an 
oxygen-enriched GAV environment. DSR and FTIR tests were used to characterize the rheological 
and chemical changes in asphalt binder, respectively. It also verified the feasibility of the proposed 
accelerated aging method. RTFOT aging was used as a reference for comparison. The main 
conclusions are as follows.  

(1) The GAV method was demonstrated to be effective for accelerating the thermo-oxidative aging 
of asphalt binder. After 72 h of GAV aging, the aging index was 49% higher than that obtained after 
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RTFOT aging. Similarly, the sulfoxide index increased by 70% compared with RTFOT-aged asphalt 
binder.  

(2) With increasing GAV aging time, the complex modulus of asphalt binder increased, indicating 
enhanced stiffness and deformation resistance. However, aging increased binder brittleness and 
reduced its fatigue resistance and low-temperature cracking resistance. 

(3) No new functional groups were formed during GAV aging. Both the carbonyl and sulfoxide 
indices increased markedly with aging time. Compared with the unaged asphalt binder, the sulfoxide 
index increased by 132% and 250% after 24 and 72 h of GAV aging, respectively.  

(4) This study provides a preliminary investigation of accelerated thermo-oxidative aging of asphalt 
binder using the GAV method. Future work will focus on optimizing the GAV parameters and 
incorporating additional aging factors, such as UV radiation. These improvements are expected to 
provide a more realistic and time-efficient simulation of the long-term aging of asphalt binder. 

Acknowledgments 

This study was supported by the Science and Technology Innovation Project of Inner Mongolia 
Transportation Group Mengtong Maintenance Co., Ltd. (No. ZL-MT-2025-51), the Research Start-
up Funds of Inner Mongolia University of Technology (BS2025039). 

References 
[1] Zhou, Z., Wang, J., & Cong, P. (2020). Investigation of thermal degradation of asphalt binders during 

storage and transportation. Construction and Building Materials, 231, 117196. 

[2] Guo, M., Liu, H., Jiao, Y., & et al. (2020). Effect of WMA-RAP technology on pavement performance of 
asphalt mixture: A state-of-the-art review. Journal of Cleaner Production, 266. 

[3] Zhao, X., Wang, S., Wang, Q., & et al. (2016). Rheological and structural evolution of SBS modified 
asphalts under natural weathering. Fuel, 184, 242–247. 

[4] Xu, O., Cong, L., Xiao, F., & et al. (2015). Rheology investigation of combined binders from various 
polymers with GTR under a short term aging process. Construction and Building Materials, 93, 1012–
1021. 

[5] Rebelo, L., De S., Abreu, A., & et al. (2014). Aging of asphaltic binders investigated with atomic force 
microscopy. Fuel, 117, 15–25. 

[6] Guo, M., Liang, M., Fu, Y., & et al. (2021). Average molecular structure models of unaged asphalt binder 
fractions. Materials and Structures, 54(4), 1–18. 

[7] Li, H., Tong, P., Zhang, X., & et al. (2020). Influence of ultraviolet and oxygen coupling aging on 
rheological properties and functional group index of warm mix asphalt binder. Materials, 13(19). 

[8] CEN. (2007). EN 12607-1: Bitumen and bituminous binders - Determination of the resistance to hardening 
under the influence of heat and air - Part 1: RTFOT method. Brussels. 

[9] CEN. (2012). EN 14769: Bitumen and bituminous binders - Accelerated long-term ageing conditioning 
by a Pressure Ageing Vessel (PAV). Brussels. 

[10] Glover, C., Davison, R., Domke, C., & et al. (2005). Development of a new method for assessing asphalt 
binder durability with field validation. Bituminous Binders. 

[11] Zelalem, A., Amit, B., Tom, D., & et al. (2013). Influence of extended aging on the properties of asphalt 
composites produced using hot and warm mix methods. Construction and Building Materials, 44, 168–
174. 

[12] Steiner, D., Hofko, B., Hospodka, M., & et al. (2016). Using highly oxidant gas for simulating long-term 
ageing of asphalt mix specimens in the lab. Springer Netherlands. 

[13] Petersen, J. (2009). A review of the fundamentals of asphalt oxidation: Chemical, physicochemical, 
physical property, and durability relationships. TRB Transportation Research Circular E-C140. 
Transportation Research Board of the National Academies. 

[14] Anderson, D., Christensen, D., Bahia, H., & et al. (1994). Binder characterization and evaluation. Volume 
3: Physical characterization. Asphalt Cement, 3. 



International Core Journal of Engineering Volume 12 Issue 9, 2026
ISSN: 2414-1895 DOI: 10.6919/ICJE.202609_12(9).0007

 

65 

[15] Morian, N., Hajj, E., Glover, C., & et al. (2011). Oxidative aging of asphalt binders in hot-mix asphalt 
mixtures. Transportation Research Record: Journal of the Transportation Research Board, 2207, 107–116. 

[16] Hofko, B., Maschauer, D., Steiner, D., & et al. (2020). Bitumen ageing - Impact of reactive oxygen species. 
Case Studies in Construction Materials, e00390. 

[17] Mirwald, J., Maschauer, D., Hofko, B., & et al. (2020). Impact of reactive oxygen species on bitumen 
aging - The Viennese binder aging method. Construction and Building Materials, 257. 

[18] Steiner, D., Hofko, B., Hospodka, M., & et al. (2016). Towards an optimised lab procedure for long-term 
oxidative ageing of asphalt mix specimen. International Journal of Pavement Engineering, 17(5–6), 471–
477. 

[19] Frigio, F., Raschia, S., Steiner, D., & et al. (2016). Aging effects on recycled WMA porous asphalt 
mixtures. Construction and Building Materials, 123, 712–718. 

[20] Williams, D., Landel, R., & Ferry, J. (1955). The temperature dependence of relaxation mechanisms in 
amorphous polymers and other glass form liquids. Journal of the American Chemical Society, 77(14), 
3701–3707. 

[21] Rowe, G., & Sharrock, M. (2011). Alternate shift factor relationship for describing temperature 
dependency of viscoelastic behavior of asphalt materials. Transportation Research Record: Journal of the 
Transportation Research Board, 2207, 125–135. 

[22] Sui, C., Farrar, M., Harnsberger, W., & et al. (2011). New low-temperature performance-grading method. 
Transportation Research Record, 2207, 43–48. 

[23] Mirwald, J., Nura, D., & Hofko, B. (2022). Recommendations for handling bitumen prior to FTIR 
spectroscopy. Materials and Structures, 55(2). 

 


